ABSTRACT Time-domain passivity control (TDPC) is a widely used reliable approach to ensure the stability of the teleoperation systems. Although TDPC almost guarantees the stability of the system, there can be a possibility of instability as TDPC inherits the zero division problem in its conventional control laws. Low value force or velocity signals can lead to zero division in control laws and can be a reason of control failure. A multilateral teleoperation system is much more complex as compared to a bilateral teleoperation system. A multilateral teleoperation system comprises of multiple humans and multiple master and slave robots which results in increased transmission of signals over a communication network. So, it is substantially invaluable for multilateral teleoperation system to have a control scheme which ensures a safe and stable operation. This paper, an extension of our previous work, presents a novel design of TDPC laws for multilateral teleoperation, which not only maintains the passivity of the system for stability but also avoids zero division, thus guaranteeing a stable operation. A new architecture of communication channel is introduced to assign different weights to the masters and slaves depending upon the task requirements. The control strategy proposed in this paper is valid for different numbers of masters and slaves. Simulation and experimental results are presented to demonstrate the efficacy of the control design.
I. INTRODUCTION
Teleoperation is simply an operation of a machine at a remote site. In robotics, a teleoperation system is comprised of different parts namely 1) the human operator; 2) the master device; 3) communication channel; 4) the slave device and 5) the environment. The human operator commands the motion of the master device and the communication channel is used to send the velocity or position information of the master to the slave device. By the use of a control scheme, the slave tries to track the trajectory of the master and interacts with the environment for a specific application. The reaction forces which are exerted on the end-effector of the slave by the environment are sent back to the human operator over the communication channel. This force feedback is considered to improve the task performance. Applications of teleoperation can be listed as underwater exploration, telemanipulation [1] , [2] mining, robotic surgery [3] , teletherapy, education, multi-user online computer gaming [4] , manipulations in hazardous environments such as outer space and nuclear plants [5] , medical training, telemaintenance and entertainment [6] . Bilateral teleoperation normally deals with a single master and a single slave device to perform different tasks but this is not suitable for the applications where we need multiple manipulators to manipulate objects like in industrial applications or in surgical operations [7] - [9] or rehabilitation [10] - [12] . For such applications, bilateral teleoperation is extended to multilateral teleoperation which involves multiple humans, multiple master and slave devices and an increased number of signal transmission over the communication network. Coordination and collaboration goals of a task performance can be easily achieved by a multilateral teleoperation system but the cooperative nature of multilateral teleoperation systems is quite complex to maintain the desired performance criteria.
Although the field of multilateral teleoperation is quite new but some solid researches have appeared in the literature considering the control design of multilateral teleoperation systems. Fuzzy system theory and neural networks have been used to realize the cooperative nature of the multilateral teleoperation systems as in [13] - [16] . Some of the research work on multilateral teleoperation has been reported in [17] - [21] related to medical applications. Robust control of teleoperation systems in multi-master/multi-slave environments can be found in [22] and [23] . Other control methodologies for multilateral teleoperation systems can be found in [24] - [27] .
A well known technique for teleoperation systems is the time domain passivity control (TDPC) [28] , [29] . This technique primarily works on the idea of energy shaping and damping injection which maintains the passivity of the system. The energy based time domain passivity control (ETDPC) calculates the total energy of the system and ensures that it stays positive for all time instants. Another energy based approach was proposed in [30] to avoid higher force spikes from the interaction of the slave and the environment. A power based TDPC was proposed in [29] and [31] for bilateral teleoperation which was later applied to haptic interface [32] . An extended passivity observer-passivity controller scheme was presented in [33] to guarantee the bounded control signals for fault accommodation in bilateral control. Passivity based control provides better position tracking results in contrast to the control scheme without passivity in [34] .
TDPC approaches are widely used in teleoperation due to the fact that they have model free control and are easy to implement but they do suffer the zero division problem in their conventional control design. Zero division, division by low or zero force/velocity, may lead to the control crash thus destabilizing the whole system. For the safe and stable operation, it must be ensured that the control laws in TDPC are designed in such a way that there is no possibility of zero division. The control laws in [35] naturally bypass zero division by eliminating the noisy behavior. Another idea to avoid zero division is to deactivate the passivity controller and output a zero in low force or velocity situation [29] , [31] .
Although a lot of research has been carried out targeting the teleoperation systems, the idea of switching TDPC was first brought to attention in [36] to avoid the zero division but that scheme was not valid for varying time delays. An important part of the control design of a teleoperation system is to consider the delays, constant or varying. This paper proposes switching TDPC for multilateral teleoperation systems where time varying delays are considered.
The main contributions of the paper are: 1) To propose a novel switching TDPC scheme for multilateral teleoperation systems with time varying delays to guarantee the stability of the system by naturally avoiding the zero division issue [37] , [38] . It is assumed that the upper bound of the rate of change of delays is known. 2) To extend our earlier work of [37] 1 by relaxing the restriction of the same number of masters and slaves in the communication structure incorporating different weights to the masters and slaves. 1 The paper [37] is available at: http://ieeexplore.ieee.org/document/7798467/ 3) To show the simulation and experimental results to validate the proposed scheme.
II. TIME DOMAIN PASSIVITY CONTROL
The power P of a system can be expressed in terms of the dissipated power as
where f and v are the output force and the input velocity, E is the stored energy and P diss is the power dissipation. It is known for a passive system that
Eqn.
(1) can be integrated as
The initial energy is E(0) and is normally zero so Eqn. (3) can be written as
ensuring that the total energy of the system remains nonnegative for all time. Similarly, the m-port network is passive if and only if
where f i (t) and v i (t) represent the force and velocity for the ith port. The idea of TDPC [28] is derived from the inequality (4). Fig.1 shows the switching TDPC for a bilateral teleoperator [32] in which b represents the damping parameter. The slave PD control gains are B and K . The calculation of power inequality in (2) by the use of a passivity observer (PO) was proposed in [32] . The power of the master and slave sides is calculated by the implementation of these POs and a switching mechanism is applied for damping injection to maintain the passivity.
III. SWITCHING TDPC FOR TELEOPERATION
The complete multilateral teleoperation system can be shown as in Fig.2 [39] . The masters and slaves are represented by the effective masses of m. f h is the applied force on the master device by the human operator and f s is the force generated by the slave PD controller. f e represents the reaction force which is exerted on the slave end-effector by the environment during the interaction. In Fig.2 , signals v mi (t) and f si (t) are sent with delays T mi and T si , such that where n m and n s are the upper indexes of summation for masters and slaves respectively, α vij and α fij describe the weighted effects of weighting coefficients on masters and slaves. T mij and T sij represent the delay from the jth master to the ith slave and from the jth slave to the ith master respectively. The power of the multilateral communication is,
A positive constant b i is introduced as in [40] , and (8) can be expressed as
Using Eqns. (6) and (7), the four terms in (9) become
whereṪ sij andṪ mij are the changing rates of T sij and T mij . In this work, the weighting coefficients in (6) and (7) are selected such that they satisfy
A more simplified form of (12) can be obtained when the number of masters and slaves and all the damping coefficients are equal. The examples of these weighting coefficients can be found in applications where multiple humans are collaborating over a task with different authority factors. For example, in medical training environments a trainee can work with an expert surgeon for different medical procedures by shifting the weights from low to high as the skills of the trainee improve with time. [18] lists different factors for the selection of the weighting coefficients for medical applications. The first terms on the right hand side of the inequalities (10) and (11) can be viewed as the differential of the stored energy. Substituting (10) and (11) in (9) and noting the differential of the stored energy, the power of the communication channel can be expressed as,
The comparison of (1) and (13) gives us the total power dissipation of the multilateral teleoperation as
P diss < 0 indicates the activeness of the system, a clear sign of activating the passivity controller to maintain the passivity. For real-time checking, (14)≥0 is divided in two sufficient conditions,
The passivity observers on both master and the slave sides are designed exactly in same manner as in [29] and an upper bound ofṪ mji,sji can be imposed as as in [41] .
Clearly, if ≥ 2, P mi obsv and P si obsv are both negative which is not desirable as this will keep the passivity controllers active all the time. Thus, the power of the communication channel (13) can be rewritten as The novel communication channel for different number of masters and slaves is shown in Fig.3 .
In [29] , [31] , and [32] the passivity controllers (PCs) at each port are designed in such a way that there is a risk of control crash during the operation. It can be seen that the control can crash when v m (t) or f s (t) is close to zero.
In our work, the control laws for PC mi and PC si are designed as
It is observed that the zero division is not an issue in our proposed control laws so the motivation of this work is clear.
The proposed switching TDPC approach clearly shows that when P mi obsv is negative, the dampers b i are activated; when P mi obsv is positive, the dampers b i are deactivated. When P si obsv is negative, the dampers
are activated; when P si obsv is positive, the dampers
are deactivated. Switching TDPC not only provides the guaranteed stability but also simplifies the design of the passivity controllers. Zero division is avoided in control laws which ensures the stability of the system for safe operation under time varying delays.
In general, passivity based control can ensure the stability but not necessarily the performance. Although the transparency is one of the performance metric in teleoperation, we do not emphasize on the transparency in this work but it is stated that the transparency is degraded in this approach. In ideal situation, without the passivity controllers the impedance of the master side and slave side is normally
and F s (s) V sc (s) where the upper case letters are the Laplace transform of f mc , v m , f s and v sc . However, with the passivity controllers the impedance are,
.
and here,
thus, the transparency is degraded by the output of the passivity controllers [29] .
IV. SIMULATION RESULTS
This section presents the simulation results with the proposed control scheme and the simulation parameters are given in Table 1 . The parameter b i is for damping injection. The damping of the system can be increased by increasing the value of b i and it can be decreased by decreasing the value of b i . The value selection of b i varies according to the application but for proper impedance matching it is suggested to have this value exactly equal to the D gain of the proportional derivative controller of the slave [42] , [43] . We choose the values of b i and D to be equal in our simulations. 
FIGURE 4. T mij (t ), T sij (t ) and their rate of change.
The time delays in our simulations are selected as T mij (t) = 0.15 + 0.02sin(8t) + 0.06sin(7t) + 0.07sin(5t) and T sij = 0.2 + 0.01sin(10t) + 0.1sin(6t) + 0.05sin(3t) [44] . The human operator model is taken from [45] , which is a sinusoidal input with proportional derivative control gains of 75 N/m and 50 Ns/m respectively. The environment with which the slaves interact is chosen to be a hard wall of stiffness K = 30 kN/m which is located at a distance of x = 0.04 m and 0.01 m from the slaves for different scenarios. Asymmetric masters and slaves are considered in the simulations represented by the endpoint mass of 0.1 kg and 0.5 kg respectively.
The environment contact force model is chosen to satisfy
A. WITHOUT SWITCHING ACTION
In this case, simulations are run for a system with 2 masters and 2 slaves with a ramp input to the masters and the weighting coefficients are chosen to be equal as given below. We do not implement the passivity controllers in this case.
The system is unstable without switching actions when a contact is made. Figs.5(a) and 5(b) clearly show that without the switching action oscillations are produced in the positions of both the masters and slaves. The contact forces of both the slaves with the wall are depicted in Figs.5(c) and 5(d).
FIGURE 5. M/S Positions and contact forces.
Such oscillations in contact forces are not suitable for teleoperation systems where it is desired that the force feedback to the human operator must be smooth. Energy of the communication channel, numerical integral of (8), is clearly negative as shown Fig.6 which means that there is some activeness in the system which causes the instability. Stability of the system can be ensured by making this energy value positive. 
B. WITH SWITCHING ACTION -CASE 1
In this case, we have 2 masters and 2 slaves with equal weighting coefficients as in the previous case and with a sinusoidal human input. When all the coefficients are 0.5, the slaves exhibit a stable response when they interact with the wall. The positions of the masters and slaves are presented in Figs.7(a) and 7(b) . TDPC control inherits the position drift which is not desirable in teleoperation. Figs.7(a) and 7(b) demonstrate this position drift in the slaves but this can be compensated by the use of r −passivity technique [46] . Velocity of the masters and slaves is shown in Figs. 
7(c) and 7(d).
It is clear from the velocity results that the weight selection is of importance in the proposed structure. The slaves show same velocity responses when the weighting coefficients are of equal value. Passivity observers values for the first master and the corresponding dissipation values are shown in Figs.8(a) and 8(c) . It is evident from the results of the passivity observers and the dissipation that the proposed control scheme is effectively maintaining the passivity of the system. Control law activates the damper at the master side whenever the POs observe a non-positive power and as soon as the POs observe a nonnegative value, the control law deactivates the damper as there is no need of damping injection at that moment. Similarly, Forces for the first pair of master and slave are presented in Fig.10(a) . The environment contact force values for the first slave are shown in Fig.10(b) . It can be seen that the values of the environment contact force satisfy (21) and the force spikes appear exactly the same time when the slave interacts with the wall. Similarly, the forces for the second pair of master and slave are depicted in Fig.10(c) . The environment contact force values for the second slave are shown in Fig.10(d) . It is observed that the interaction forces of the slaves with the wall are exactly the same due to the fact that the weighting coefficients chosen in the simulations are of equal value. Total energy, numerical integral of (8), of the communication channel with switching dissipation is shown in Fig. 11 and the positive values of the energy confirm the stable operation of switching TDPC.
C. WITH SWITCHING ACTION -CASE 2
In this case, we simulated the multilateral teleoperation system with 2 masters and 3 slaves in the presence of a time varying delay with a human input as a sinusoid. The weighting coefficients are chosen to obey (12) as, The slaves are required to make contact with a wall at x= 0.04 m.
Figs.12(a), 12(b) and 12(c) show the positions of the masters and slaves. It can be seen that the position tracking is satisfactory even in the presence of a time varying delay and the effect of weighting coefficients is also evident. The slaves track the positions of the masters. The total energy is given in Fig.12(d) which confirms the stability of the system. Velocity signals of the masters and slaves are given in Figs. 12(e), 12(f) and 12(g). The environmental contact forces are presented in Figs.12(i), 12(j) and 12(k). It can be noted that the weight selection affects the velocity of the masters and the force feedback from the slaves. The selection of the weighting coefficients can be varied depending upon the application or the performance of the task. The transient response of the forces for first and second slaves are shown in Figs.12(h) and 12(l) .
The passivity observer values for all the three slaves are shown in Figs.13(a) , 13(b) and 13(c) and their corresponding dissipation values are shown in Figs. 13(e), 13(f) and 13(g) respectively. It is clear from the results that whenever there is some activeness in the system, passivity controllers inject damping in the system to maintain the 
V. EXPERIMENTAL RESULTS
This section presents the experimental results to verify the effective and stable operation of the proposed scheme. Due to the limited availability of the hardware, the experiment is carried out using two Phantom Omni as the masters and two Novint Falcon as the slaves of the teleoperation system. The implementation is set up using QUARC real time control systems which fully support both Phantom Omni and Novint Falcon as the target hardware. TCP/IP protocol is used in QUARC communications block to establish the connection between the two desktops for the signal transmission. In order to properly analyze all the signals in real time, a delay of 0.001s (actual delay in experiment) is added as needed and this delay was determined by a simple test of communication.
The experimental setup is shown in Fig.15 . As the Novint Falcon does not have any built in force sensor so we can not measure the environmental forces directly. Two FUTEK LLB-130 force sensors are mounted on the slaves to capture the effect of interaction of the slaves with the environment.
A combination of an instrumentation amplifier and a low pass filter is used for the smooth amplification of the environmental forces and this data is being pulled in Simulink using a Q8 Data Acquisition Card by Quanser. The Phantom Omni and Novint Falcon are set up as to move only in X-direction. As discussed earlier, a human operator applies a force to both the masters and the position signals of Phantom Omni are measured directly. The velocity signals of the masters and the slaves are obtained by taking the derivative and applying a single pole filter ( 1 s+3 ), to avoid discontinuities, on the position signals. The value of parameter b i and gains of the slave controllers are same as in the simulations. The artificial delay is same as in [29] .
A. WITHOUT SWITCHING DISSIPATION
This case is being presented just to verify the results of the simulation results section where the passivity controllers were not implemented thus showing the unstable results. This section only shows the position results of the experiment in Fig.16 . It is obvious from the position results of a pair of a master and slave that the oscillations are produced in the system when a small input is applied on the master. As shown in Fig.16 the operator applies the input around 2s which produces small oscillations initially but after 4s the slave goes unstable. 
B. WITH SWITCHING DISSIPATION
For this case, the weighting coefficients of the communication architecture are assigned as given below
In this experiment, an Aluminum plate is used as an environment with which the slaves interact as shown in Fig.17 . Positions of both the masters and slaves are shown in Figs.18(a) and 18(b) . The position difference in the start of the experiment is created intentionally to test the proposed approach and it is clear that the position tracking is satisfactory. The slaves follow the masters in presence of some delay. Feedback forces for both the masters and forces generated by the slave controllers are shown in Figs.18(c) and 18(d) . The passivity observer values for both the masters and their corresponding dissipation values are presented in Figs.19(a), 19(b), 19(c) and 19(d) respectively. It can be seen that the power values at the master side are positive for almost all time except in the start so the dissipation values stay at zero confirming that no switching action is required. Similarly, the passivity observer values for both the 
VI. CONCLUSIONS
TDPC is a passivity based approach which has shown effective results for the stability of teleoperation systems but has only disadvantage of zero division. A novel control design has been proposed in this paper which bypasses the zero division naturally and ensures the stable operation of multilateral teleoperation system making control simpler and better. The communication structure proposed here allows the assignment of different weights to the masters and slaves by the use of weighting coefficients. Stability of the system is maintained at every time instant by a switching action which injects damping in the system whenever it is needed. Numerical simulations and experimental results validate the usefulness of the proposed scheme. Member of the Mechanical Engineering Department, Dalhousie University, Halifax, NS, Canada, where she is currently a Professor. Her research interests are focused on the robust nonlinear control, networked control systems, intelligent transportation systems, and collaborative multiple autonomous aerial/ground/underwater vehicles. She is a fellow of ASME, a member of CSME and a Registered Professional Engineer in the Province of Nova Scotia, Canada. VOLUME 6, 2018 
